Soyprotein-jute fiber composites developed using water without any chemicals as the plasticizer show much better flexural and tensile properties than polypropylene-jute composites. Co-products of soybean processing such as soy oil, soyprotein concentrate and soy protein isolates are inexpensive, abundantly available and are renewable resources that have been extensively studied as potential matrix materials to develop biodegradable composites. However, previous attempts on developing soy-based composites have either chemically modified the co-products or used plasticizers such as glycerol. Chemical modifications make the composites expensive and less environmentally friendly and plasticizers decrease the properties of the composites. In this research, soyprotein composites reinforced with jute fibers have been developed using water without any chemicals as plasticizer. The effects of water on the thermal behavior of soyproteins and composite fabrication conditions on the flexural, tensile and acoustic properties of the composites have been studied. Soyprotein composites developed in this research have excellent flexural strength, tensile strength and tensile modulus, much higher than polypropylene (PP)-jute fiber composites. The soyprotein composites have better properties than the PP composites even at high relative humidity (90%).
Introduction
Extensive efforts are being made to develop biodegradable composites using renewable resources in an attempt to replace the non-biodegradable synthetic polymers used for composites (Mohanty et al., 2000; Barkoula et al., 2010) . Both matrix and reinforcing materials derived from renewable resources have been used to develop biodegradable composites. Natural biopolymers such as starch and synthetic biopolymers such as poly(lactic acid), polycaprolactone and cellulose acetate are some of the most commonly used matrix materials and jute, kenaf, flax and hemp are some of the most common natural fibers used as reinforcement in biocomposites (Mohanty et al., 2000) . Although the use of biopolymers is highly desirable compared to using non-biodegradable polymers, the common natural and synthetic biopolymers have several limitations such as relatively high price limited availability and/or inability to provide composites with desired properties. Chemical modifications to the biopolymers to improve the properties of the composites could make the biopolymers economically uncompetitive to the synthetic polymers and/or reduce the biodegradability of the biopolymers. Therefore, attempts have been made to find alternative sources for biopolymers used in composites.
Lignocellulosic agricultural byproducts such as corn stover, wheat straw, and cotton stalks and agricultural co-products such as soyproteins, wheat gluten and distiller's dried grains are inexpensive, abundantly available and renewable resources that have also been studied for potential use as matrix and/or reinforcing materials in composites (Huda and Yang, 2008a , 2008b Zou et al., 2010; Cheesborough et al., 2008) . Unlike biopolymers such as PLA that are synthesized from renewable resources, the lignocellulosic agricultural byproducts and co-products are inevitably generated during the processing of grains for food or fuel. Currently, there is very limited use of the agricultural byproducts and coproducts for industrial applications. In our previous researches, we have shown that cornhusks and wheat straw can be used to develop composites suitable for automotive applications (Huda and Yang, 2008a , 2008b Zou et al., 2010) . Similarly, cornhusks, wheat and soy straw and cotton stalks have been used to obtain natural cellulose fibers for composites and other applications (Reddy and Yang, 2005 .
Considerable efforts have also been made to utilize the coproducts obtained during the processing of corn, wheat and soybeans (Distillers Dried Grains (DDG), wheat gluten and soyproteins, respectively) for composite applications (Chees-borough et al., 2008; Song et al., 2008) . Composites were prepared by extruding DDGS with polypropylene and phenolic resin (Tatara et al., 2009 ). Wheat gluten with or without chemical modifications has also been used as a matrix material in composites and to develop thermoplastics. Wheat gluten modified with urea and sodium hydroxide was used as a binder in particle board as a partial substitute to urea formaldehyde resin in particle board (El-Wakil et al., 2007) . Wheat gluten was used as matrix and hydroethyl cellulose, hemp and wood fibers were used as reinforcement with glycerol as the plasticizer and compression molded to form thermoplastics (Kunanopparat et al., 2008; Wretfors et al., 2009; Kim, 2008) . Recently, methylcellulose microfibers as fillers and wheat gluten plasticized with glycerol as matrix were used to obtain wheat gluten-based green composites (Song and Zheng, 2009 ).
Similar to DDG and wheat gluten, byproducts of soybean processing (soy oil, soy concentrate and soyprotein isolates) have also been used to develop biocomposites and plastics (Kumar et al., 2002) . Epoxide functionalized soybean oils were used as matrix and natural cellulose fibers as reinforcement to develop biocomposites (Tran et al., 2006; Liu et al., 2006) . In another report, epoxidized soybean oil was used as a resin and flax fibers were used as reinforcements to develop composites . Recently, acrylated epoxidized soybean oil was used as a resin with flax and hemp fiber mats as reinforcement and the flexural and tensile properties of the composites were studied (Akesson et al., 2009 ). Soyprotein concentrate was chemically modified and used as resin with flax fabrics as reinforcement (Chabba and Netravali, 2005a, 2005b; . Soyprotein was chemically modified using stearic acid to develop resins for plastics and composites (Lodha and Netravali, 2005) . The soyprotein resins were blended with ramie fibers as reinforcement to obtain composites. In another report, soyprotein was mixed with starch and glycerol in the presence of sodium sulfite and extruded to form pellets (Otaigbe et al., 1999) . In addition to the co-products obtained from processing soybeans, the byproducts obtained from the soybean plants such as soyhulls (Quirino and Larock, 2009 ) and soybean stems have been used for composites and to obtain natural cellulose fibers (Reddy and Yang, 2009a) , respectively.
The above reports show that the co-products of soybean processing can be utilized for composite applications. However, in all of the above reports, the soybean co-products have been chemically modified or plasticized using glycerol or other plasticizers to develop composites and other thermoplastics. Chemical modifications will increase the cost and may also decrease the degradability of the co-products. Composites developed using glycerol as plasticizer had poor properties mainly due to the high moisture sorption by glycerol. For instance, it was shown that the Young's modulus of wheat gluten composites reinforced with hemp fibers decreases from 34.7 to 10.4 MPa when the glycerol content was increased from 20 to 30% (Kunanopparat et al., 2008) . Therefore, it is desirable to use the soybean co-products for composite applications without chemical modifications or plasticizers.
In this research, we have developed biocomposites using soyprotein as the matrix and water as the plasticizer and jute fibers as reinforcement. Water used as plasticizer will evaporate during compression molding and the composites are therefore expected to have better properties than those developed using glycerol or other plasticizers. The effect of composite fabrication conditions on the flexural and tensile properties and the thermal behavior of soyprotein with and without water as plasticizer have been studied. The properties of the soyprotein composites have been compared with similar composites made from polypropylene reinforced with jute fibers.
Materials and methods

Materials
Commercially available soyprotein (Pro Fam 646) was supplied by Archer Daniels Midlands company (Decatur, IL). Jute fibers were purchased from Bast Fibers LLC (Cresskill, NJ) and had an average denier of 32, tensile strength of 312 MPa, breaking elongation of 1.4% and Young's modulus of 24.3 GPa. Polypropylene fibers were supplied by Drake Extrusion (Martinsville, VA). The PP fibers were of 15 denier and 84 mm long and crimped. Breaking tenacity of the PP fibers was approximately 300 MPa, melting temperature was 162 °C, melt flow index was 20 g per 10 min measured at 230 °C, crystallinity was 50%, and density was 900 kg/m 3 .
Composite fabrication
Soyprotein-jute composites
The jute fibers were carded twice on a Louet laboratory scale carding machine to open and parallelize the fibers. The carded fibers in the form of mats were removed from the carding machine and cut to 25.4 cm × 30.5 cm rectangular pieces. The jute fiber mats were weighed to obtain the required weight of fibers depending on the ratio of the jute fibers and soyprotein used for each composite. The required amount of soyprotein was also weighed and evenly sprayed on the jute fiber mats. Water equivalent to twice the weight of the total jute fibers and soyproteins used was sprayed onto the jute fibers and soyprotein. The weight of the pre-preg before compression was determined to ensure that the same weight was used for each composite. The pre-preg was placed between two aluminum foils and compression molded in a composite press (Carver Inc) at a predetermined temperature and for a particular time at a pressure of 139 MPa. Spacers (3.2 mm) thick were placed at the edges of the composite press to control the density of the composite. After compression, the press was immediately cooled by running cold water before removing the composite from the press.
PP-jute composites
The PP and jute fibers were carded separately. After preparing the carded fibers, the required ratio of PP/jute fibers was weighed and carded together three times to obtain homogenous mixing of the fibers. Mats of the fiber blends were removed from the carding machine and cut to 25 cm × 30.5 cm pieces. Several fiber mats were stacked to get the required weight/unit area and were later compression molded at 193 °C for 90 s. The temperature and time required to make the PP-jute composites were optimized in our earlier researches (Huda and Yang, 2008a , 2008b .
Composite characterization
Morphology
The surface and cross-section of the composites was observed using a variable pressure scanning electron microscope (VP-SEM) (Hitachi, S 3000N). Samples were sputter coated with gold-palladium before observing under the SEM.
Flexural properties
All samples were conditioned in a standard testing atmosphere of 21 °C and 65% relative humidity for at least 24 h before testing. Flexural tests were done according to ASTM standard D790-03 on a MTS (Model Q Test 10; MTS Corporation, Eden Prairie, MN) tensile tester equipped with a 500 N load cell on samples with length of 20.3 cm and width of 7.6 cm. The crosshead speed used was 10 mm/min. Six samples from three dif-ferent composites were tested for the flexural properties and the average and ± one standard deviations are reported.
Tensile properties
Tensile tests were performed on an Instron tensile tester (Model 4000, Instron, Norwood, MA) according to ASTM standard D638-03 using dog-bone shaped specimens with length 165 mm, 19 mm width at the widest section and 13 mm width at the narrow section. Gauge length was 115 mm and crosshead speed was 5 mm/min. Six samples from three different composites were tested for the tensile properties and the average and ±one standard deviations are reported.
Acoustic properties
The sound absorption properties of the composites were determined according to ASTM standard C423-99A on a small size Bruel & Kjaer impedance tube. Three samples from different composites were tested for the sound absorption and the average readings were used to plot the absorption coefficient curves.
Thermal behavior
The thermal behavior of the soyproteins without and with water (200% by weight of soyprotein) as plasticizer was studied using a Mettler Toledo Differential Scanning Calorimeter (Model: DSC822 e ). The samples were placed in sealed aluminum pans and heated at 20 °C/min up to 250 °C. Figure 1 shows the DSC thermogram of the soyproteins with and without water as plasticizer. Soyproteins without water as plasticizer have a small melting peak between 150 and 170 °C which is most likely due to the removal of any residual moisture tightly bound to the proteins and degradation of impurities and melting of low molecular weight proteins. The melting peak could also be due to the proteins that have been denatured during the commercial preparation of soyproteins (Zhang et al., 2001) . Water effectively plasticized soyprotein and decreased the melting temperature to about 130 °C. However, the optimum temperature for composite fabrication was between 150 and 180 °C. The higher temperatures for composite fabrication are necessary to ensure the complete removal of water used as plasticizer from the soyproteins and jute fibers. The melting peak of soyprotein with water as plasticizer had a melting enthalpy of 1.4 kJ/g compared to 76 J/g for the non-plasticized soyproteins. The low melting temperature and high melting enthalpy of the soyproteins with water as the plasticizer allows the use of soyprotein as the matrix without damaging the soyproteins. It has also been reported that water was more effective as a plasticizer for wheat gluten compared to glycerol and sorbitol (Pouplin et al., 1999) . Figure 2c shows the jute fiber embedded in the soyprotein matrix suggesting that soyprotein has been plasticized and will provide good binding to the jute fibers leading to composites with good properties.
Results and discussion
Thermal behavior of soyprotein plasticized with water
Morphology of the composites
Effect of proportion of soyprotein on flexural properties
The effect of increasing concentration of soyprotein in the composites on the flexural properties is shown in Figure 3 . Low concentrations of soyprotein (40%) do not provide enough matrix polymers to bind the jute fibers together and therefore the composites with 40% soyproteins have relatively poor flexural properties compared to other concentrations of soyproteins studied in this research. Composites containing 50% soyproteins as matrix and 50% jute fibers as reinforcement have better flexural properties than composites with 40% soyproteins but lower than the composites containing 60% soyprotein. Composites having 60% soyproteins exhibit the highest flexural properties among all the proportions studied. At 60% soyprotein, the composites had a off-set yield load of 55 N, stiffness of 11.5 N/mm and flexural strength of 24 MPa, higher than the offset yield load, stiffness and flexural strength of the composite with 50% soyproteins by 23, 200 and 9%, respectively. However, further increase in the concentration of soyprotein to 70% decreases the flexural properties. At 70% soyproteins, the composites do not have sufficient reinforcing material and therefore the flexural properties, especially the offset yield load, shows a sharp decrease of 34% compared to the offset yield load of the composite with 60% soyprotein.
Effect of compression time on flexural properties
Short compression times do not provide sufficient energy for the soyproteins to melt and reinforce the jute fibers resulting in poor flexural properties as seen from Figure 4 . Increasing compression time from 10 to 15 min substantially increases the offset yield load, stiffness and flexural strength. The offset yield load and stiffness of the composites show a 200% increase when compression time is increased from 10 to 15 min but does not change from 15 to 20 min. The flexural strength of the composites also shows considerable increase from 16.5 to 24 MPa when the compression time is increased from 10 to 15 min. At short compression times, the soyproteins may not melt sufficiently to provide good adhesion to the jute fibers resulting in inferior properties. Increasing compression time facilitates better binding between the soyprotein matrix and jute fibers and provides composites with good properties. However, excessive compression time will render the soyproteins to be brittle and could adversely affect the properties of the composites.
Effect of compression temperature on the flexural properties
Compression temperature does not show any considerable effect on the flexural properties of the composites as seen from Figure 5 . The offset yield load increases by 13% when the compression temperature is increased from 150 to 180 °C. The stiffness of the composites shows an increase of 37% whereas the flexural strength increases by 13% with temperature increasing from 150 to 180 °C. The compression temperature and time are related and the compression time of 15 min used to understand the effect of temperature is probably sufficient to melt the soyproteins and provide good flexural properties. The same extent of thermoplasticity of soyproteins could be obtained if higher temperatures but shorter times were used. Therefore, the flexural properties of the composites do not show a major change with increase in compression temperatures from 150 to 180 °C. Table 1 shows the effect of composite fabrication conditions on the tensile properties of the composites. As seen from the table, increasing the proportion of soyproteins from 40 to 50% in- creased the strength by about 15% and modulus by about 9%. Further increasing the concentration of soyproteins from 50 to 60% slightly decreased the strength but increased the modulus by about 8%. However, increasing in soyprotein concentration from 60 to 70% substantially decreased both the tensile strength and modulus. Composite fabrication temperature from 150 to 170 °C increased strength but the tensile strength decreased when temperature was increased from 170 to 180 °C. However, the modulus of the composites did not decrease with increasing temperature and in fact composites fabricated at 150 °C had the highest tensile modulus. Tensile strength of the composites was similar at compression times of 5 and 10 min but increased with further increase in compression time to 15 and 20 min. A compression time of 20 min provided the highest strength and modulus to the composites. Composites developed using acrylated epoxidized soybean oil and flax fiber mats as reinforcements had tensile strength ranging from 50 to 78 MPa and tensile modulus ranging from 5 to 9.7 GPa depending on the amount of flax fibers (40-70%), similar to the tensile properties of the composites developed in this research (Akesson et al., 2009) . Various combinations of time (10-20 min) and temperature (160 to 180 °C) of composite fabrication can be selected to obtain similar composite properties. Figure 6 shows the sound absorption co-efficient of the soyprotein composites at various frequencies in comparison to similar composites developed using polypropylene as the matrix and jute fibers as reinforcement. As seen from the Figure , soyprotein composites (60% soyprotein/40% jute, 170 °C, 15 min) had much higher sound absorption than the PP-jute composites in the frequency range of 1.0-4.0 kHz. The absorption of the soyprotein composites decreased above a frequency of 4.0 kHz while that of the PP-jute composites increased continuously. The higher sound absorption of the soyprotein composites than PP-jute composites is probably due to the creation of voids between the soyprotein and jute fibers as seen from the SEM images in Figure 2 .
Effect of composite fabrication conditions on tensile properties
Sound absorption
Comparison of the properties of the soyprotein and polypropylene composites
Table 2 provides a comparison of the properties of the soyprotein composites (60% soyprotein, 170 °C, 15 min) with polypropylene composites (40% PP, 190 °C, 90 s) at two different humidities. As seen from the table, the soyprotein composites had much better flexural and tensile properties than the PP composites at 21 °C and 65% relative humidity. The soyprotein composites had about 127% higher flexural strength, 8 0% higher tensile strength and about 90% higher tensile modulus than the polypropylene composites at 21 °C and 65% relative humidity. However, the nearly 8 times higher stiffness and modulus of elasticity of the soyprotein composites than the PP composites shows that the soyprotein composites are much more brittle than the PP composites. PP is more flexible and allows the jute fibers to bend more easily than the rigid soyproteins. Therefore, the PP composites have lower stiffness and modulus of elasticity (MOE) than the soyprotein composites. The better properties of the soyprotein-jute composites compared to the PP-jute composites should mainly be due to the better interaction between soyprotein and jute fibers. Both soyprotein and jute fibers are hydrophilic and would therefore have good compatibility compared to the hydrophobic PP and hydrophilic jute fibers.
The flexural and tensile properties of the soyprotein composites decreased considerable at 90% relative humidity compared to the respective properties at 65% relative humidity. There was a 53% decrease in flexural strength, 86% decrease in stiffness and MOE, 24% decrease in tensile strength and 31% decrease in the tensile modulus of the soyprotein composites at 90% relative humidity. The PP composites did not show any considerable decrease in the flexural properties but the tensile strength decreased by about 11% and the tensile modulus decreased by about 25% at 90% relative humidity. The large decrease in the properties of the soyprotein composites should be due to the absorption of moisture and softening of the soyproteins. Softened soyproteins will decrease the interfacial binding strength between the soyproteins and jute fibers and also allow the jute fibers to be more flexible. Poor interfacial strength leads to a decrease in the flexural and tensile strength and the higher flexibility of the jute fibers will decrease the stiffness and MOE of the composites. Similar decrease in the flexural and tensile properties of soy-based composites with increasing plasticizer (glycerol) content was previously observed (Chabba and Netravali, 2005a, 2005b) .
Although the soyprotein composites have inferior properties at high humidities compared to their properties at low humidity, both the tensile and flexural properties of the soyprotein composites at 90% relative humidity are better than that of the PP composites at 90% relative humidity. As seen from Table 2 , the soyprotein composites have about 7% higher flexural strength, 57% higher tensile strength and 75% higher tensile modulus than the PP composites at 21 °C and 90% relative humidity. The stiffness and MOE of the soyprotein composites are also higher by 14 and 13%, respectively compared to the PP composites. Better properties of the soyprotein composites than the PP composites even at high humidities suggests that the soyprotein composites have potential to be used in applications currently using PP-based composites. Table 3 provides a comparison of tensile and flexural properties of some of the soyprotein-natural fiber composites previously reported. However, it should be noted that the composite fabrication conditions such as the density and thickness and testing conditions such as relative humidity and temperature are different among the composites compared in Table 3 and could have considerable influence on the properties of the composites. As seen from the table, the soyprotein composites developed using water as plasticizer have much higher tensile strength and modulus than the soyprotein composites developed using hemp and banana fibers as reinforcement and thiodiglycol and glycerol as plasticizer (Kumar et al., 2008; Wang et al., 2009) . The inferior properties of the hemp and banana fiber reinforced soyprotein composites should mainly be due to the presence of plasticizers (Lodha and Netravali, 2005) . It has been shown that increasing glycerol content considerably decreases the strength but increases the elongation of soyprotein films and composites (Lodha and Netravali, 2005) . Soyprotein composites reinforced with ramie fibers have much higher flexural and tensile strength but lower tensile modulus most likely due to the lower thickness (0.7-0.8 mm) and higher density compared to the composites developed in this research. Other literature available on soyprotein composites have chemically modified the soyprotein and/or have used other matrix materials to develop composites and are therefore not appropriate for comparison with the composites developed in this research.
Comparison with literature on unmodified soyproteinnatural fiber composites
Conclusions
This research shows water without any chemicals can effectively plasticize and make soyprotein thermoplastic. The thermoplastic soyprotein can act as a binder and provide composites with much better flexural and tensile properties than similar composites developed using PP as the matrix polymer. Water decreases the melting temperature and also provides a much higher melting enthalpy to soyproteins. Composites developed using 60% soyproteins and 40% jute fibers and compression molded at 170 °C and 15 min had optimum properties. At the optimized conditions, the soyprotein composites have more than twice the flexural strength and more than 80 and 90% higher tensile strength and tensile modulus, respectively, than PP composites. Although the flexural and tensile properties of the soyprotein composites decrease substantially at 90% relative humidity, the soyprotein composites show better properties than the PP composites even at high humidities.
Soyprotein composites also had better sound absorption than the PP composites. Utilizing water as a plasticizer will not only decrease the cost but also make the process completely green since no chemicals are used. The soyprotein composites developed in this research are biodegradable and show potential for use in various applications.
